Background. The steep (408) Trendelenburg position optimizes surgical exposure during robotic prostatectomy. The goal of the current study was to investigate the combined effect of this position and CO 2 pneumoperitoneum on cardiovascular, cerebrovascular, and respiratory homeostasis during these procedures.
To facilitate this surgery, the patient must be placed in a steep (408) Trendelenburg position for several hours, and this, combined with the CO 2 pneumoperitoneum, is likely to cause significant and potentially adverse cardiovascular and neurophysiological changes.
The combination of steep Trendelenburg positioning and pneumoperitoneum during robotic prostatectomy is known to induce intracranial hypertension. 3 In addition, previous studies have reported that it causes a significant reduction of cerebral tissue oxygen saturation (Sct O 2 ) in elderly patients 4 and in patients with pre-existing raised intracranial pressure (ICP). 5 Patients presenting for robotic surgery are usually elderly, and are thus patients in whom the procedure may upset the critical balance between cerebral oxygen supply and demand. 6 In circumstances such as these, near-infrared spectroscopy (NIRS) can be used to assess regional cerebral tissue oxygen saturation (Sct O 2 ), which gives an indication of the regional balance between cerebral oxygen supply and demand. Previous work, using a first-generation NIRS device, demonstrated a slight relative increase in Sct O 2 . 6 Since Pa CO 2 is an important determinant of cerebral blood flow, maintenance of normocarbia is essential for the preservation of cerebrovascular homeostasis. When pulmonary parameters are relatively stable, the end-tidal CO 2 tension (PE 0 CO 2 ) gives an acceptable estimate of Pa CO 2 : the arterial-to-end-tidal CO 2 tension gradient is $0.67 (0-1.33) kPa and does not correlate with Pa CO 2 . 7 The combination of steep Trendelenburg positioning and pneumoperitoneum influences pulmonary physiology in several ways. Maintenance of normocarbia usually requires adjustments in ventilator settings, and it is uncertain whether the PE 0 CO 2 is a clinically acceptable estimate of Pa CO 2 , upon which the adequacy of the ventilator settings may be judged.
In patients in the supine position, the cerebral perfusion pressure (CPP) is determined as the difference between the mean arterial pressure (MAP) and the greater of the central venous pressure (CVP) and the ICP. 8 Therefore, in the context of the steep Trendelenburg position, where CVP is likely to be equivalent to or greater than the ICP, it is appropriate to estimate the CPP from the MAP and the CVP. 8 The aim of this study was to investigate the influence of the combination of the steep Trendelenburg position and pneumoperitoneum during robotic prostatectomy on cerebrovascular, respiratory, and haemodynamic homeostasis. Additionally, we sought to determine the value of PE 0 CO 2 readings as an estimate of arterial Pa CO 2 in this setting.
Methods
After Institutional Ethics Committee approval (Ethics Committee, OLV Clinic, Aalst, Belgium) and written informed consent was obtained, 31 consecutive patients who underwent robotic endoscopic prostatectomy in the steep Trendelenburg position were included. No premedication was administered. Upon arrival in the operating theatre, standard monitoring was applied: ECG, pulse oximetry, and non-invasive automated arterial pressure. After anaesthesia was induced with propofol (1-2 mg kg
21
) and sufentanil (0.25 mg kg 21 ), rocuronium (0.6 mg kg
) was administered and the trachea intubated. Anaesthesia was maintained with sevoflurane 1 MAC. Additional boluses of sufentanil and rocuronium were administered as required at the discretion of the clinician. The lungs were ventilated in volume control mode with an O 2 /air mixture (FI O 2 0.4) and a PEEP of 5 cm H 2 O. The tidal volume (TV) was adjusted to achieve a PE 0 CO 2 between 4.0 and 4.7 kPa. The heart rate (HR) was monitored continuously via the ECG.
After induction, a 20 G arterial catheter (BectonDickinson, Swindon, UK) was inserted percutaneously into a radial artery. The catheter was connected via a 150 cm long (1.5 mm internal diameter) rigid pressure tubing, filled with saline, to a continuous-flush pressuretransducer system (Becton -Dickinson Critical Care Systems, Singapore) to monitor beat-to-beat arterial pressure and for arterial blood sampling. The right internal jugular vein was cannulated with a two-lumen central venous catheter (Arrow International Inc., Reading, PA, USA) for monitoring of CVP. The external acoustic meatus was used as the zero reference point for both pressure transducers, to allow a precise determination of the CPP, independent of patient positioning. Both systems were calibrated against atmospheric pressure and both pressure transducers were connected to an S5-monitor (Datex-Ohmeda, Helsinki, Finland).
Cerebral oximetry sensors (FORE-SIGHT Adult Dual sensor kit-01-06-0018, CAS Medical Systems Inc., Branford, CT, USA) were placed bilaterally according to the manufacturer's instructions. The rSO 2 value was continuously recorded at 0.5 Hz using the NIRS FORE-SIGHT monitor (CAS Medical Systems Inc.). Normothermia was maintained with a forced-air warming system. Once stable profiles of capnography and arterial pressure were reached, ventilatory and drug delivery settings were left unchanged. All vital signs were monitored using an S5-monitor and data from the monitor were recorded via Collect Software (Datex-Ohmeda) for subsequent offline analysis. All variables were recorded numerically at 0.2 Hz.
A custom-made foam pillow (60Â30Â15 cm) was placed under the head, firmly positioned behind the shoulders, and immobilized using standard shoulder supports. The patient's legs were placed in urological leg-holders (MAQUET GmbH & Co. KG, Rastatt, Germany) and the thighs abducted sufficiently to accommodate the robotic system. Subsequently, the abdominal cavity was insufflated with CO 2 to a pressure of 10 mm Hg, and the patient was placed in the mild Trendelenburg position after which the trocar cannulae were located at the classical points. 9 Finally, the patients were slowly placed in the steep Trendelenburg position (408 from horizontal, the maximal angle the surgical table allows for). The start time of the maximal Trendelenburg position was defined as T 0 . All operations were performed on the same table with the same degree of Trendelenburg tilt.
The surgeon performed the procedure with the da Vinci Robot Surgical System (Intuitive Surgical, Sunnyvale, CA, USA) using a transperitoneal approach. Intraperitoneal pressure was adjusted by the surgeon as needed. At the end of the procedure, the position of the table was normalized and the pneumoperitoneum was released. The surgical wounds were closed and the patient was awakened either in the operating theatre or in the recovery room.
During the procedure, arterial samples were obtained for blood gas analysis (Radiometer 715, Radiometer Medical APS, Brønshøj, Denmark) just before induction of the pneumoperitoneum, at 30 min intervals during steep Trendelenburg positioning, and 15 min after resuming the supine position.
In the recovery room, any peripheral or central neurological complications were noted. The patients were discharged to the ward after evaluation by the anaesthetist, with particular attention being paid to the brachial plexus (clinical assessment) and cognitive functions (Aldrete's score). 10 Duration of stay in both recovery room and hospital, and the need for blood transfusions were recorded. In subsequent offline analysis, the electronic data were converted to ASCII format, imported into Microsoft Excel, and synchronized at 0.2 Hz. The following parameters were investigated: HR, MAP, CVP, peripheral oxygen saturation (Sp O 2 ), PE 0 CO 2 , plateau pressure (P Plat ), TV, compliance, minute volume, and Sct O 2 . A movingwindow median smoothing algorithm was used with a window of 1 min and moving at 5 s steps. After graphical representation, a visual inspection of the data plots was performed to correct atypical values caused by artifacts. The CPP was calculated as the difference between MAP and CVP. All curves were first synchronized with induction of the Trendelenburg position represented as T and then later resynchronized upon resumption of the supine position represented as S (Figs 1 and 2), and for each patient, the mean and standard deviation were determined at 5 min intervals. The baseline value, reported as T 210 , was defined as the average value during the 5 min interval 10-5 min before steep Trendelenburg repositioning (i.e. during the period when the patient was still in the horizontal position, just before shallow Trendelenburg).
The arterial-to-end-tidal CO 2 tension difference was calculated as the difference between the measured Pa CO 2 and the mean of the PE Trendelenburg position was 159 (70) min. The parameters measured before, during, and after the Trendelenburg period are presented in Table 1 . The course of the investigated variables is shown in Figures 1 and 2 . For each variable, the evolution of the value in individual patients (thin line) and of the average value (thick line) is shown. All data are synchronized at the moment of initiating Trendelenburg positioning (T). In the first 5 min after Trendelenburg positioning, MAP and CVP increased by 33.7 and 22.7 mm Hg, thus increasing the calculated CPP by 11 mm Hg. During the next hour, the MAP and CVP decreased modestly. After resuming the supine position, both the MAP and the CVP decreased precipitously but to the same extent, leading to a short-lived decrease in CPP to 61 (12) mm Hg immediately after reassuming the supine position. Within 3 min, however, the CPP recovered to baseline values. In all cases and throughout the duration of the procedure, Sct O 2 values remained well above the threshold value of 55% above which cerebral ischaemia is very unlikely. (Fig. 3) . PE 21 throughout the period of the Trendelenburg position. After reinstitution of the supine position, the compliance returned to 45 (13) ml (cm H 2 O)
, significantly (P,0.01) lower than the baseline value.
None of the patients showed any signs of brachial plexus injury. No patient required blood transfusion. Patients were ready to leave the post-anaesthesia care unit after 224 (49) min with an Aldrete score of 10/10 (Table 2 ) and were discharged from hospital after the urinary catheter was removed on day 6.
Discussion
Compared with the classical open procedure, robotic endoscopic radical prostatectomy may offer many benefits. 1 2 The steep Trendelenburg position (408) optimizes surgical exposure during robotic prostatectomy, and although apparently well tolerated by most patients, the combined effect of this extreme Trendelenburg position and CO 2 pneumoperitoneum during these long procedures has not been completely defined. In this observational study of a group of 31 patients undergoing robotic prostatectomy, we observed that although the steep Trendelenburg position combined with a CO 2 pneumoperitoneum significantly influenced cardiovascular, cerebrovascular, and respiratory homeostasis, all investigated variables remained within a clinically acceptable range. During institution of the steep Trendelenburg position, MAP and CVP increased significantly. First, the observed increase in pressure is the result of increased hydrostatic pressure at the external auditory meatus caused by the tilting of the table. In addition, because MAP increased by a greater absolute amount than CVP (34 vs 23 mm Hg, respectively), at least part of the increase in MAP must also be caused by increased cardiac output, systemic vascular resistance, or both. O'Malley and Cunningham 12 demonstrated that these changes are caused by an increased intra-abdominal pressure compressing the aorta and increasing the afterload, possibly further enhanced by humoral factors. Secondly, transoesophageal Doppler measurements have shown a significant increase in stroke volume when patients are placed in the steep Trendelenburg position. 13 This is consistent with our Since there was a greater increase in MAP than in CVP, CPP increased significantly after institution of the steep Trendelenburg position, compared with baseline values. Over subsequent hours, MAP, CVP, and HR remained stable. After reassuming the supine position, both MAP and CVP decreased significantly, but remained within acceptable ranges. During the whole procedure, CPP remained well above what is considered to be the lower limit for autoregulation of cerebral blood flow.
14 Although Sp O 2 decreased modestly during the steep Trendelenburg position, it also remained well within safe values (above 90%) in all patients during the whole procedure.
NIRS technology has recently been developed to enable continuous and non-invasive monitoring of regional cerebral tissue oxygen saturation for several indications. The different absorption characteristics of oxygenated and deoxygenated haemoglobin for different wavelengths of light allow determination of the balance between cerebral oxygen supply and demand. 15 The first generation of NIRS devices used two LED-sources to estimate the regional oxygen saturation. 11 These devices have recently been used to assess the trend of Sct O 2 during robotic prostatectomy. 6 An important limitation of this technique is that absolute values are relatively unreliable. Although the trends in firstgeneration Sct O 2 values provide some useful information, the interpretation of these values and the identification of threshold values with high sensitivity and specificity for ischaemia are difficult. The second generation of NIRS devices, applied in our study, uses a combination of four monochromatic LASER beams-each of which comprises a very narrow spectrum of light frequencies-which facilitates the accurate measurement of absolute values of Sct O 2 and a more secure determination of safe threshold values.
11
In our patients, Sct O 2 remained well above the safe threshold value of 55% in each patient, throughout the duration of the procedure. After institution of the Trendelenburg position and CO 2 insufflation, Sct O 2 increased significantly. NIRS estimates the oxygen saturation of arterial and venous blood haemoglobin in the frontal cortex. In its algorithm, a 70% venous blood fraction is assumed.
11 During these procedures with increased resistance to cerebral venous drainage, a relative increase in venous blood fraction is likely but would tend to result in a decrease in calculated Sct O 2 .
Soon after institution of the Trendelenburg position, an increase in Sct O 2 was observed. This was probably caused by a combination of increased CPP and an increase in PE Maintaining a physiological arterial CO 2 tension is of special concern during this combination of altered respiratory physiology and CO 2 pneumoperitoneum. In addition to increasing the ICP, an increased PE 0 CO 2 during steep Trendelenburg positioning causes choroidal vasodilatation and an increase in intraocular pressure. 16 Beyond the obvious concern of preserving overall metabolic homeostasis and optimal brain perfusion, maintaining an acceptable PE 0 CO 2 tension is therefore imperative to minimize the risk of serious ocular consequences, such as complete bilateral visual loss. 17 Whereas PE 0 CO 2 monitoring has proven to be an acceptable alternative to arterial blood gas PCO 2 in many clinical circumstances, the utility of PE analysis is a sufficient guide for the management of the ventilation strategy in this clinical setting. We found that the arterial-to-PE 0 CO 2 tension difference of 1.06 kPa in the supine position increased to a maximum of 1.41 kPa after 2 h in the Trendelenburg position and tended to decrease back to normal pre-Trendelenburg values thereafter. We also found that the regression lines in the three periods deviated significantly. In the pre-and post-Trendelenburg period, the slope of the regression line was lower than the unity line, whereas in the Trendelenburg period, the slope was steeper than the unity line. This . Our data suggest that in these circumstances, maintaining a PE 0 CO 2 between 4.0 and 4.66 kPa will result in a Pa CO 2 between 4.66 and 6.00 kPa.
As expected, the plateau pressure increased with institution of the pneumoperitoneum and the Trendelenburg position. There was no significant additional increase in pressure during the course of the operation. After reinstitution of the supine position, the plateau pressure returned to a level slightly above baseline values. Equivalently, the pulmonary compliance decreased from a 50 ml (cm H 2 O) 21 baseline value to 23 ml (cm H 2 O) 21 after Trendelenburg positioning and CO 2 insufflation and remained stable in the Trendelenburg position. After reinstitution of the supine position, a moderate residual loss of pulmonary compliance was observed. This is probably caused by basal atelectasis, a residual cephalad displacement of the diaphragm and restriction in diaphragmatic mobility. 18 Brachial plexus injury due to prolonged caudad displacement of the shoulders is a possible complication of robotic prostatectomy positioning 19 and is of special concern. The use of a support system which limits this caudad pressure on the shoulders (because part of the patient's weight is supported by the spinal column) may prevent patients from developing brachial plexus injuries.
In conclusion, we found that a combination of the prolonged steep Trendelenburg position and CO 2 pneumoperitoneum was well tolerated. Haemodynamic and pulmonary parameters remained within physiological limits. Regional cerebral oxygenation was well preserved and the CPP remained above the lower limit of the cerebral autoregulation. Maintaining a PE 0 CO 2 between 3.40 and 4.66 kPa resulted in a Pa CO 2 between 4.66 and 6.00 kPa.
